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Abstract
This paper outlines a new simplified approach to developing a material model for adobe.
The approach is to fit the equation of state (E0S) using a Mie-Grüneisen (MGR) analytical model with a P-Alpha compaction law, and to fit the pressure-dependent yield surface with the Geological Yield Surface (GEO) modeled in CTH using well characterized adobe. By identifying key parameters that governed material response, this simplified modeling approach aimed to increase the understanding of the shock compaction and compression behavior of adobe.
The new simplified model for adobe represented in this paper replicated the features of past experimental penetration data. At low velocities the penetration behavior of steel spheres into adobe is captured by Stokes law, where the drag coefficient is inversely proportional to the Reynolds number. Each inherently different adobe material investigated had a separate linear region with the slope equal to the inverse of the coefficient of drag multiplied by impact velocity.
A transition region following the Stokes region was identified in each adobe material, where the penetration depth was constant with increasing impact velocity. This penetration depth limit was shown to be dependent upon the yield strength of the adobe and inversely proportional to the initial density.
Finally, examining the sensitivity of the penetration depth to the key model parameters, the material model for adobe was adjusted to provide the best fit to the experimental penetration data. In addition, a simplified water content, or initial saturation of the adobe, was introduced as another relevant parameter to characterize the response. Using this simple material model for adobe, validated with experimental penetration data, the response of adobe targets to hypervelocity impact of a variety of projectile types can be reliably predicted.
Introduction
Before I came here I was confused about this subject. Having listened to your lecture I am still confused, but on a higher level.
-Enrico Fermi
There has been a shift of focus in the shock physics community in the last few years on high velocity impacts and penetration of non-porous materials (i.e. steel, aluminum) to that of adobe or other more porous materials. This is a study on numerical modeling and simulation of high velocity penetrations into adobe using the Sandia National Laboratory shock physics code, CTH.
Defining the equation of state and yield parameters for the simulations is provided by static mechanical tests on adobe specimens. Simulation results are compared to past test and computational data based upon different equations of state and material strength models. To conclude several parameters that define the problem are analyzed for sensitivity to the depth of penetration, including the simulation of adding water to the adobe and the effects on crater formation.
Material under Compression
Adobe is typically composed of clay and sand generally used in arid, dry climates. The material is very porous and soft compared to steel or other non-porous materials. Under high pressures the behavior of adobe can be very complex and many factors can contribute to its response per high velocity impacts. The compaction of adobe can be related similar to soil with voids of water and air. Figure 1 is an example of adobe granules under high pressures.
Figure 1: Compression of Adobe Grains with Water and Air Graphic
The initial state of adobe is porous and has an initial density defined as ρ oo . As the adobe is compressed, the voids filled with air start to close and grains of the adobe are shifted, which increases the density of the adobe to a solid (ρ o ). As pressure is increased friction between the grains increases, increasing the shear strength and density of the adobe. Increased fracturing of the granules decreases the volume, increasing the density (ρ s ), in which the change in pressure is much higher than the change in volume and the material is characterized as "locked-up". Refer to figure 2 to follow how change in pressure effects the change in density of adobe.
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Figure 2: Graphic of Pressure versus Density of Adobe
There are 3 states of adobe as pressure increases beyond elastic pressure (P E ) and continues to compaction pressure (P s ) and beyond. At zero pressure the adobe is at initial density (ρ oo ).
As pressure increases past the elastic pressure, the adobe continues compression until it reaches compaction pressure where all voids have been closed. Increasing pressure, the change in density is very small compared to the change in pressure and the adobe follows along the compaction curve. The release of pressure the density of the adobe will follow along an unload path as shown in figure 2.
Adobe Compression Data
Two separate reports of compression data on adobe were initially reviewed for this research.
In 2008 and in 2012 the U.S. Army Corps of Engineers Engineer Research and Development Center (ERDC), Geotechnical Structures Laboratory (GSL) published studies conducting mechanical property tests on adobe 1, 9 . Both studies were thorough in characterization of adobe under high pressures however the 2008 study provided strain data at higher pressures with the unload behavior for the adobe. The strain data for the 2012 study was conducted at lower pressures and did not include any unload behavior for the adobe. Shown in figure 3 is the mean normal stress versus percent volumetric strain of the adobe from the ERDC 2008 study under hydrostatic compression up to 400 MPa with unload paths. 
Choosing a Model
Several models were considered when approaching this study of simulating penetrations in adobe with the shock physics code, CTH. Other models such as HJC or Kayenta 2 are very good at simulation a broad class of materials under high pressures but in the end the simplistic
Geological Yield Surface (GEO) strength model with the equation of state (EOS) that included a
Mie-Grüneisen (MGR) analytic model with the P-Alpha compaction law was chosen. The GEO model, only needing a few parameters to define the problem, is simpler in comparison to other models but also has its drawbacks. The downside to using the GEO model are the parameters not included other models may have. Other models may require as many as 40 parameters to define a problem but unlike the GEO model, other models may take into account material damage, strain rate hardening, and shear induced dilatation. Using the GEO strength model with the MGR / P-Alpha EOS for adobe, the assumption is made that this simplistic approach can be very useful in simulating crater formation and insensitive to any parameters not defined within the model.
Development of Material Parameters
The basis for developing the MGR / P-Alpha with GEO simulations of high velocity impacts in adobe first required analysis of adobe through mechanical property tests. As discussed earlier the ERDC 2008 study on adobe provided the necessary data for the EOS and Deviatoric parameters for this study. The next few sections will step through the process of defining the parameters for the simulations for new adobe model called "GEO" for short.
Equation of State Parameters
Several parameters for the MGR/P-Alpha model EOS such as initial density, solid density, material sound speed and the shock constant "s" were found using lab data shown in figure 3 from the ERDC 2008 study. Extrapolating mean stress and percent volumetric strain data from figure 3, and converting percent strain to normal strain ( 1,2 ), the solid density (ρ 0 ) of adobe is found as a function of initial density (ρ 00 ) and strain (equation 1). Initial density as discussed in chapter 1 was found to be 1.599 g/cm 3 .
Equation 11 
Figure 4: Pressure versus Density Test Data of Adobe with Unload Curve
The unload path, circled in figure 4 , gives a good approximation of the slope of the compaction curve, or lock-up, where change in pressure is much larger than change in density.
Granite, quartz and tuff were considered as candidates for a rough approximation of the compaction curve under very high pressures. Figure 5 shows the comparisons of the different materials for use as a compaction curve.
Unload Curve
Figure 5: Pressure versus Density Test and Computational Data of Compaction Curves aligned to Adobe Laboratory Data
To plot compaction pressure as a function of density for the various materials shown in figure 5 , the sound speed, and shock wave constants were required. Sound speed (C s ) and the shock wave constant "s" are found by taking the slope and y-intercept of shock velocity (U) versus particle velocity 3 (u) (i.e. Hugoniot) as shown in equation U=C s +su. Data labeled "Marsh" was pulled from the Los Alamos Series on Dynamic Material Properties by S. P.
Marsh 7 and contained test data of shock velocity and particle velocity for those materials. The data labeled "Sesame", found within CTH sesame tables, was processed through a program called "BCAT" producing shock velocity and particle velocity data for that material. Using equation 2 to find compaction pressure as a function of solid density, the "Sesame" and "Marsh" data were plotted as pressure versus density shown in Figure 5 .
Equation 22
Quartz showed to be the best fit in matching the slope of the "unload" curve for the Adobe lab data. The y-intercept for the quartz is the solid density (ρ 0 ) shown to be 2325 kg/m 3 . The sound speed and shock constant for quartz are 1746 m/s and 1.63 respectively. Completing the link between the laboratory data and the compaction curve is the P-Alpha curve, discussed in the next section.
P-Alpha Fit
The static mechanical tests of the adobe specimens would only define the parameters up to the largest compressive pressure of the tests. There is a gap between the maximum compressive test data (400 MPa) and the pressures that could occur from high velocity impacts (>>400 MPa).
The P-Alpha curve is used to fit across the lab data and compaction curve to approximate the pressure at which the material starts to experience compaction. Equation 3 is the P-Alpha 6 equation where alpha ( ) is a function of pressure (P). The compaction pressure (P s ) is the initial pressure at which all void has been removed from the porous material and the grains are under compaction. P E is the maximum elastic pressure of the material, prior to inelastic behavior of the adobe, which for this case is very small in comparison to P s . Alpha zero ( 0 ) is the ratio of the initial density of the adobe ( 00 ) and solid density of the adobe ( 0 ) (equation 4).
Equation 5 is strain ( 2,3 ) as a function of the adobe solid density and adobe lock-up density ( ) at high pressures above P s .
Equation 3 3 Equation 44 Equation 55 The ERDC study stated the pressure from the compression tests was large enough to completely compact the void out of the material. The pressure at complete void closer provided a good starting point for estimating P s . By adjusting P s and N in the P-Alpha equation (3), the curve was fit in line with the adobe laboratory data and compaction curve. When aligning the PAlpha curve the main objective was to match the areas under the curves showing same amount of work being accomplished during compression of the adobe. Figure 6 shows the P-Alpha and compaction curves aligned to the lab data. From the lab data, P s was approximated at 460 MPa at a lock-up density (ρ s ) of 2458 kg/m 3 . and using equations 6 and 7 provided by the ERDC, the yield stress was calculated as a function of mean normal stress. In Equation 6 , the principal stress difference (q) equals the axial stress (σ a ) minus the radial stress (σ r ). The mean normal stress (P Mean Normal ) is defined in equation 7.
Gap
Figure 7: Shear Failure Test Data of Adobe Specimens Provided by ERDC (Williams et al, 2008)
Equation 66 Equation 77 Figure 8 is the plot of the calculated yield stress versus mean normal stress extrapolated from 
Target Material Model
The target is a 70 cm by 16 cm, two dimensional adobe model with boundaries set to simulate a semi-infinite target material. Adobe was modeled with a user defined MGR combined with P-Alpha EOS parameters from the earlier computations of solid density (ρ o ) at 2.325 g/cm 3 , porous density (ρ oo ) at 1.6 g/cm 3 , bulk sound speed at 1746 m/s, compaction pressure at 460 MPa, and constant "N" at 3.0. Elastic plastic parameters were user defined GEO model inputs of yield strength (460 MPa), yield strength at zero pressure (15.3 MPa) and yield surface slope (1.019) computed from shear failure data. Poisson's ratio was provided by ERDC at 0.23. 
Chapter 4 Simulation Results
Penetration Depth and Impact Velocity
Figure 10: Normalized Penetrator Depth versus Impact Velocity Comparing Test and Computational Data of Adobe Penetrations
The linear relationship between penetrator depth and impact velocity was initially described by Heine using Newton's second law ( ⃑ =̇) and the coefficient of drag equation (equation Equation 1010 Equation 1111 Comparing the three different data plots, it was easy to notice the differences in slope of the Stokes region and points of transition. Although we don't know much about Heine's adobe, the correlation of Meyer's model to the GEO model with a steeper slope and higher transition point is believed to be linked to differences in key parameters between the models. Table 1 shows key parameter differences in the adobe targets between the HJC and GEO models. 
Shown in both table 1 and figure 9 , even small differences in key parameters can have significant effects on projectile depth and transition of projectile deformation. The next section will look at key parameter adjustment and the sensitivity those parameters associated with adobe cratering.
Adobe Parameter Sensitivity: Compaction and Yield Pressure
The GEO model is based upon few parameters to characterize crater depth and formation under high velocity impacts. By adjusting the few parameters, one at a time, the sensitivity of depth versus impact velocity can be analyzed. The three parameters adjusted, one at a time for the adobe model, were compaction pressure (P s ), yield strength, and initial density (ρ oo ).
The first parameters analyzed were the compaction and yield pressure of adobe. Figure 11 shows the penetrator depth versus impact velocity of the test data compared to three different GEO models of varying compaction pressure. Adjusting adobe compaction pressure from 230 MPa (P s,Low ) to 690 MPa (P s,High ), resulted in minimal changes to the depth of penetration. As shown earlier, the Stokes region and transition portions of the data still hold true when varying compaction pressure. These results show penetration depth to be fairly insensitive to changes in compaction pressure alone within the pressures shown. Figure 12 shows the penetrator depth versus impact velocity of the test data compared to three different GEO models of varying yield strength. Adjusting adobe yield strength from 230
Figure 11: Normalized Depth versus Impact Velocity of Computational Data varying Adobe Compaction Pressure Compared to Test Data
MPa (Low yield ) to 690 MPa (High yield ), resulted in minimal changes to the depth of penetration.
As shown earlier, the Stokes region and transition of the data still hold true when varying yield strength. These results show penetration depth to be fairly insensitive to changes in yield strength alone within the pressures shown.
Figure 12: Normalized Depth versus Impact Velocity of Computational Data varying Adobe Yield Strength Compared to Test Data
By varying one parameter at a time at a constant impact velocity, the sensitivity associated with that parameter can be analyzed. Figure 13 analyses the correlation of penetrator depth to compaction pressure and yield strength of adobe at a constant impact velocity of 1.2 km/s. As the values of the yield strength and compaction pressure decrease beyond 200 MPa, the depth of penetration increases at a non-linear rate concluding the depth of penetration is more sensitive to the parameters at lower pressures. The third parameter under analysis is adobe initial density. Figure 14 shows the penetrator depth versus impact velocity of the test data compared to three different GEO models of varying adobe initial density. Adjusting initial density from 1.2 g/cm 3 (Low yield ) to 2.0 g/cm 3 (High yield ) resulted in large changes to the depth of penetration. As shown earlier, the Stokes region and transition of the data still hold true when varying initial density but when adjusting initial density from 1.6 g/cm 3 to 1.2 g/cm 3 the slope of the Stokes region increased ~25%. Similar, the transition increased ~50% when adjusting initial density from 1.6 g/cm 3 to 1.2 g/cm 3 . These results show that depth of penetration is relatively sensitive to initial density. Figure 15 analyses the correlation of penetrator depth to adobe initial density at a constant impact velocity of 1.2 km/s. Varying initial density at constant impact velocity shows the sensitivity to depth of penetration from the parameter. As the initial density is varied from 2 g/cm 3 to 1.2 g/cm 3 the depth of penetration shows to be linear in respect to initial density.
Figure 14: Normalized Depth versus Impact Velocity of Computational Data varying Adobe Initial Density Compared to Test Data
Figure 15: Penetrator Depth versus Density of Computational Data varying Initial Densities at Constant Impact Velocity
Aligning GEO simulation data to Heine's test data is accomplished by adjusting initial density. Equation 12 is derived by using the left side of equation 11 and setting Heine's parameters equal to the GEO parameters. To match GEO simulation data to the test data the initial target density was calculated at 1.37 g/cm 3 using equation 13. In equation 12 penetration depth (P) is divided by projectile diameter (D) and penetrator density ( ).
Equation 1212 Equation 1313 
Water Content in Adobe
The model of adding water to adobe can be accomplished by assuming in dry porous adobe, no water (or very little) is present but when water is added the volume of air occupying the space is replaced by water. Figure 17 is an example of adding water to a constant volume of water, air and adobe grains. Appendix B shows two dimensional craters formed from adding water to adobe at constant impact velocity of 1.2 km/s. Shown in the crater formation, as more water is added to the target adobe the crater continues to increase in width and depth per the water decreasing the shear strength. Table 2 shows the correlation of penetrator depth and crater volume to percent of water added. Adjusting more than one key parameter showed to have a compound effect on projectile depth and crater volume. Simulating the addition of water resulted in varying the parameters adobe solid density, compaction pressure and yield strength. By adding water, the GEO simulations showed increases in crater volume and penetration depths within the Stokes regions.
Applying a second order polynomial to the sensitivity study in figure 20 , the amount water needed to replicate the test data was found. This simplistic approach of adjusting water content was able to reasonably match the test data.
This study concludes test data, with few material characteristics and unknown error, can reasonably be validated by adjusting a few key parameters with a simple MGR / P-Alpha model combined with GEO strength model.
Future Work
For future work, it would be beneficial to acquire adobe specimens from several vendors with varying water content, and conduct static compression tests combined with high velocity 
